A lab-scale membrane aeration bioreactor (MBR) system was developed for treating synthetic ammonium-rich wastewater to yield an appropriate NO 2 -/NH 4 + mixture as a pretreatment for anaerobic ammonium oxidation (Anammox). The effluent with a suitable NO 2 -/NH 4 + ratio (1:1 to 1:1.3) was obtained in 24 h using the developed MBR system under suitable conditions. Additionally, the control of bulk dissolved oxygen (DO) level under a desired condition (anoxic condition) was easier and more economical than traditional aeration systems. An optimal initial alkalinity of 1500 mg CaCO 3 l -1 was necessary for achieving 50% partial nitrification of wastewater with an initial ammonium concentration of 510 mg NH 4 -N l -1 within 24 h. Furthermore, there is no need for pH adjustment by adding a base or an acid throughout the reaction if the initial alkalinity is appropriately controlled. Both the appropriate NO 2 -/NH 4 + ratio and the low DO level make this MBR system an ideal system for Anammox.
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The operational costs of the conventional nitrificationdenitrification nitrogen removal process are to a great extent related to the oxygen and organic matter requirements. Some new processes have been developed recently to reduce these costs. One of these is a rapid method of biological nitrogen removal. The combination of the preceding partial nitrification and the subsequent anaerobic ammonium oxidation (Anammox) is regarded as a promising new method of removing nitrogen from wastewater with a low C/N ratio and a large quantity of ammonium (1, 2) .
Complete nitrification is carried out in two steps: ammonia is first converted to nitrite by ammonia-oxidizing bacteria (AOB), and then the nitrite is further converted to nitrate by nitrite-oxidizing bacteria (NOB). AOB use 1.5 moles and NOB 0.5 mole of oxygen per mol of ammonia (Eqs. 1 and 2); thus, complete nitrification requires 2 moles of oxygen (Eq. 3), whereas 50% partial nitrification requires 0.75 mole of oxygen per mol of nitrogen (Eq. 4), implying a 62.5% less oxygen demand for 50% partial nitrification compared with complete nitrification (3).
Anammox is the denitrification of nitrite with ammonium as the electron donor to yield nitrogen gas. A preceding partial nitrification step must be performed to convert only onehalf of the ammonium to nitrite (4) . The main product of the Anammox is N 2 ; however, approximately 10% of the fed nitrogen (ammonium and nitrite) is converted to nitrate. The stoichiometry of the Anammox reaction based on mass balance over Anammox enrichment cultures (5) is given by Eq. 5 as below.
The combination of partial nitrification and Anammox is based on the fact that nitrite is an intermediary compound in both. Therefore, it will be convenient and economical to achieve 50% partial nitrification up to a condition wherein one-half of ammonia is converted to nitrite and the other half is not, followed by the Anammox to ensure total nitrogen removal throughout an autotrophic process. The 62.5% less oxygen demand and the absence of organic carbon addition offer considerable cost savings when compared with the conventional nitrification-denitrification system.
Nitrogen removal from wastewater using a membrane aeration bioreactor is a commonly adopted technology. Biofilm systems have several advantages, such as a very large surface area for biofilm attachment, the protection of microorganisms in the biofilm against unfavorable surroundings and the achievement of very high sludge age, which is of utmost importance for nitrifying bacteria (6, 7). Synthetic gas-permeable membranes have been extensively adopted in bioreactor aeration systems because of their higher oxygen transfer efficiency than that of traditional aeration systems (7) (8) (9) .
Further oxidation of nitrite to nitrate must be prevented by controlling operation variables such as temperature, pH, hydraulic retention time, substrate concentration and the DO level, to ensure stable partial nitrification. The activity of NOB must be reduced without affecting AOB by establishing conditions that favor AOB development. Operations can be performed at a relatively higher temperature (above 35 °C) and a higher pH (above 7) to enable AOB to predominate over NOB (4) . Operation at a low DO level in the range of 0.7 to 1.4 mg l -1 can also more effectively suppress the activity of NOB (2, 3) . Of the operational variables described above, the control of the DO level may be the most important and is therefore a key factor for achieving partial nitrification. Both the aeration systems and the aeration patterns may importantly affect partial nitrification. In traditional aeration systems, some problems exist in controlling the DO level under a desired condition.
In this investigation, we develop a membrane aeration bioreactor for partial nitrification, in which the aeration system uses a gas-permeable silicone membrane tube. Figure 1 shows the schematic representation of concentration profiles (oxygen, ammonia, and nitrite) in the reactor. Air was made to flow into the lumen side of the membrane tube to aerate the nitrifying biofilm. Ammonium diffused slowly from the bulk solution toward the membrane. However, oxygen diffused in the opposite direction. These opposing diffusion directions of substrate yield a large active volume in the biofilm (9) . In this study, we discuss the feasibility of partial nitrification on the lab-scale: about 50% ammonium was oxidized to nitrite, whereas the other half remained in the bioreactor. The effects of membrane aeration, initial ammonium concentration, and initial alkalinity on partial nitrification were all investigated in this study.
MATERIALS AND METHODS

Synthetic wastewater
The synthetic wastewater used in this study contained (NH 4 ) 2 SO 4 (1.18-2.36 g l
) and a solution (1 ml
). No organic substrate was added to favor the growth of autotrophic AOB.
Cultivation of nitrifying biofilm The bioreactor was inoculated with activated sludge from a municipal wastewater treatment plant. At the beginning of this study, nitrifying bacteria were directly cultivated on a gas-permeable membrane. The formation of a nitrifying biofilm is essential to the partial nitrification of wastewater in a short time. The preceding two-stage cultivation of a nitrifying biofilm is very important for the following batch experiments. During the first 9-d batch cultivation period, the reactor was filled with synthetic wastewater at 35°C with a pH of approximately 8 and ammonium concentration was gradually increased from 100 to 500 mg NH 4 -N l -1 . During the following continuous cultivation period, synthetic wastewater that contained 500 mg NH 4 -N l -1 was pumped continuously into the reactor at a flow rate of 3 ml min -1 for two weeks. Meanwhile, samples were withdrawn from the bulk liquid in the reactor and analyzed to confirm the nitrifying activity of the biofilm, after which the batch experiments were started.
Setup of membrane aeration bioreactor Figure 2 shows the images of the membrane aeration bioreactor developed in this study. This bioreactor, constructed from Perspex, had a working volume of 1 l, in which a silicone membrane tube (1.5 mm inner and 2.5 mm outer diameter by 6 m long; Fuji System, Tokyo) was immersed and wound around the pillars. The air was made to diffuse continuously to the lumen side of the membrane tube and the end of the tube was maintained open. Meanwhile, the contents of the reactor were completely mixed using a magnetic stirrer and maintained at 35°C.
Batch experiments on partial nitrification Following the biofilm cultivation period, seven runs of the batch experiment were performed to assess the partial nitrification behavior, membrane aeration effect, initial ammonium concentration effect, and initial alkalinity effect of the system. In addition, a molecular biotechnology method was applied to confirm that ammonia oxidizers predominated the biofilm. In one experiment (the blank test), the flow of air into the membrane tube was stopped to confirm that air was utilized by the biofilm during the progress of other batch experiments, which were performed under different initial concentrations (510 and 250 mg NH 4 -N l -1 ) and different initial alkalinities (750, 1500, and 3000 mg CaCO 3 l -1 ) . Table 1 shows the summary of the initial conditions of these batch experiments. All batch experiments were carried out at 35 °C, and the initial pH was approximated 8 without adjustment by the addition of an acid or a base throughout the reaction.
Analytical methods Bulk pH and DO levels were monitored. Samples were withdrawn from the reactor and analyzed to determine the levels of ammonium, nitrite, nitrate and alkalinity. The concentrations of ammonium, nitrite and nitrate were all measured by ion chromatography (DX-120; Dionex Corporation, Sunnyvale, CA, USA). Alkalinity was determined by titration method in accordance with standard methods. Dissolved oxygen (DO) concentration was measured using a DO meter (YSI-550A; YSI Incorporated, Yellow Springs, OH, USA), and the pH was measured using a pH meter (MP 220; Mettler-Toledo GmbH, Laboratory & Weighing Technologies, Greifensee, Switzertland).
RESULTS
Formation of nitrifying biofilm on membrane tube
The formation of a nitrifying biofilm on the membrane tube was necessary and accomplished before the batch experiments. During the first 9-d batch cultivation period, the inoculated activated sludge was gradually acclimated and finally a thin layer of brownish biofilm was observed on the outer surface of the membrane tube. During the following continuous cultivation period, the biofilm became thicker and darker, and much more firmly attached to the tube's surface. The batch experiments were started after the nitrifying activity of the biofilm was confirmed by analyzing the samples withdrawn from the bulk liquid (data not shown). Figure 2 shows the images of this membrane bioreactor before and after biofilm acclimation.
Confirmation of use of air by nitrifying biofilm One batch experiment was conducted in which air was not supplied into the lumen side of the membrane tube to confirm that air was utilized by the biofilm during the progress of other batch experiments. The result of this blank test, as shown in Fig. 3 , indicated that the pH or the nitrogenous compound concentrations almost always remained at the initial state during the 24-h batch test. However, when air was supplied continuously to the membrane tube, ammonium concentration decreased as the pH level decreased from 8.1 to below 6 at the end of the batch test. These results confirmed that the membrane tube was gas-permeable and responsible for the aeration of the biofilm; supplying air into the membrane tube resulted in the oxidation of ammonium to nitrite.
Effects of initial alkalinity on partial nitrification The initial alkalinity effect on partial nitrification was investigated in this study, also conducted at 35 °C with an initial pH of approximately 8. Figure 4 shows the time-dependent variations in nitrogenous compound concentrations under (A, B) , initial ammonium concentration (C, D), and initial alkalinity (E-G) on partial nitrification. different initial alkalinities. It is clear that there was a high correlation between ammonia oxidation and the initial alkalinity. Figure 4A shows that ammonia oxidation almost stopped for 12 h because of the lack of sufficient alkalinity to neutralize the released H + from the nitrification reaction; then, the pH decreased and therefore the AOB activity was inhibited. Consequently, the conversion ratio of ammonia or nitrite was far less than 50%. Figure 4C shows that ammonia oxidation proceeded continuously even to the end of the 48-h batch test, because the high alkalinity contributed to the maintenance of a suitable pH for AOB. Consequently, ammonia was almost completely converted to nitrite. The optimal initial alkalinity was determined to be 1500 mg CaCO 3 l -1 from Fig. 4B , indicating that appropriate initial alkalinity was essential for achieving 50% partial nitrification in this bioreactor.
Variations in pH, DO level, nitrogenous compound concentrations and NO 2 -/NH 4 + ratio A series of batch experiments were performed to evaluate the capacity of this bioreactor to achieve 50% partial nitrification under suitable conditions. Figures 5 and 6 show the behavior of the system with mean initial concentrations of 510 and 250 mg NH 4 -N l -1 , respectively. These results show that the variations in nitrogenous compound concentrations are very similar at different initial ammonium concentrations.
Figures 5A and 6A show that the pH slowly decreased with a decrease in ammonium concentration because of nitrification, in which the reacting ammonium served as an electron donor and was oxidized to nitrite with the release of H + (4). In this study, air was sufficient to meet the oxygen demand for partial nitrification; most of the dissolved oxygen that penetrated the membrane was consumed by the biofilm and only a small amount was released to the bulk phase, leading to an anoxic condition associated with a DO level below 0.6 mg l -1 . Compared with Fig. 5B , the variation in the DO level at a lower initial concentration of 250 mg NH 4 -N l -1 as shown in Fig. 6B appeared to be very similar to what was described above; such a low DO level in an aerobic nitrification reactor is very interesting.
Figures 5C and 6C show the variation curves of the nitrogenous compounds with different initial concentrations, indicating that the ammonium concentration decreased by about 50% and that a very small amount of nitrate was formed utill the end of batch test. In other words, the small amount of ammonium was almost completely oxidized to nitrite under this condition. Both ammonium and nitrite concentrations varied rapidly at the beginning and then gradually at the end. The initial conditions enabled AOB to predominate over NOB, such as a higher ammonium concen- tration, a low DO level and an elevated pH above 7 (4, 10); however, the activity of AOB was gradually inhibited near the end of batch test when the ammonium concentration and pH decreased markedly. Furthermore, from the bacterial community analysis results of the biofilm (data not shown), AOB were confirmed to predominate the biofilm.
The NO 2 -/NH 4 + ratio in the effluent in the partial nitrification is strongly correlated with the pH in the reactor (11) . Figure 5D shows the variations in the NO 2 -/NH 4 + ratio at an initial concentration of 510 mg NH 4 -N l -1 , indicating that the NO 2 -/NH 4 + ratio increased rapidly with a gradual decrease in the pH during the first 12 h, whereas the ratio varied gradually with a rapid decrease in the pH during the following 12 h. Compared with Fig. 5D , the variation in the ratio at an initial concentration of 250 mg NH 4 -N l -1 , as shown in Fig. 6D , was very similar, implying that this bioreactor is quite stable and appropriate for 50% partial nitrification. These data revealed that a high ammonium concentration, an appropriate pH and a low bulk DO concentration in the early stage of nitrification promoted the oxidation of ammonium; however, when the ammonium concentration decreased, the drop in the pH and the accumulating nitrite inhibited the activity of AOB (4 for the initial concentrations of 510 and 250 mg NH 4 -N l -1 , respectively. The surface area of the tube is proportional to its length, so that a longer tube provides a larger surface area for biofilm attachment, and therefore the time needed to achieve 50% partial nitrification is shortened with an increase in tube length. In other words, 50% partial nitrification within a certain period of time may be easily achieved by the adjustment of tube length consistent with the initial ammonium concentration if the ASL only ranged from 10.83 to 5.27 g NH 4 -N m -2 .
DISCUSSION
This approach demonstrated that the developed membrane aeration bioreactor is an efficient and economical system for achieving 50% partial nitrification, in which about 50% ammonium was oxidized to nitrite, whereas the other half remained in the reactor. The membrane tube in this bioreactor provided a high specific surface area for oxygen transfer and biofilm attachment. The air overcame the resistance of the membrane wall and uniformly passed through the membrane by diffusion. The nitrifying biofilm attached firmly to the surface of the membrane after a very short period of two-stage acclimation: a former batchwise stage and a latter continuous cultivation stage. The formation of a nitrifying biofilm on the membrane was very important for the following batch experiments. A satisfactory nitrifying biofilm on the membrane was characterized by a thick-anddark appearance, a firm adhesion to the membrane's surface, an AOB-predominant bacterial community, and a confirmed nitrifying activity. As was described above, the formation of a strong nitrifying biofilm is essential to achieve a stable 50% partial nitrification during a short period of time.
Regarding the utilization of air by the nitrifying biofilm, a blank test was conducted to confirm the importance of air in the reaction. Sufficient DO is necessary for nitrifying bacteria to oxidize ammonium to nitrite and further to nitrate; in other words, even the oxidation of ammonium to nitrite is impossible in the absence of air. The result of the blank test confirmed that the membrane tube was gas-permeable and responsible for the aeration of the biofilm.
Regarding the control of the bulk DO level, this MBR system achieved surprising cost savings in aeration as compared with traditional aeration systems, merely using a simple and cheap air diffuser. DO concentration affects the metabolic activity of nitrifying bacteria (10), including AOB and NOB. The bulk DO level close to that under the anoxic condition was essential for achieving stable partial nitrification. From the results of this study, the nitrifying biofilm was capable of utilizing air efficiently; the low bulk DO level was not sufficient for achieving complete nitrification. This anoxic condition in the biofilm strongly inhibited nitrite oxidation and AOB predominated NOB in the competition for oxygen because nitrite oxidizers have less affinity for oxygen than ammonium oxidizers (4, 12) . Therefore, almost half of the ammonium was oxidized to nitrite but trace amounts of nitrate were produced. In addition, the bacterial community analysis results showed that AOB predominated the biofilm. This is a definite and strong evidence to explain why the bioreactor performed partial nitrification.
This system can achieve approximately 50% partial nitrification under suitable conditions (low DO level, elevated temperature and pH, appropriate initial alkalinity) within 24 h. The ammonium concentration decreased as the pH decreased and the concentration of nitrite increased. Ammonium oxidation was highly correlated with nitrite accumulation; almost all of the oxidized ammonium was converted to nitrite but not to nitrate. The production of an appropriate NO 2 -/NH 4 + mixture is critical to the Anammox to ensure total nitrogen removal throughout an autotrophic process (13) . The nitrite that accumulated in this bioreactor was not further converted to nitrate. Meanwhile, the NO 2 -/NH 4 + ratio increased gradually and remained between 1:1 and 1:1.3 untill the end of the 24-h batch tests. An appropriate initial alkalinity was also an important factor to achieve stable partial nitrification. Bicarbonate was added into the wastewater only once from the beginning, supplied as a carbon source, and alkalinity was adjusted as necessary for partial nitrification. An optimal initial alkalinity of 1500 mg CaCO 3 l -1 was necessary for 50% partial nitrification of wastewater with an initial ammonium concentration of 510 mg NH 4 -N l -1 during 24 h of nitrification. Furthermore, there is no need for pH adjustment by adding a base or an acid throughout the reaction if the initial alkalinity adjusted by the addition of bicarbonate into the wastewater is appropriately controlled.
The ASL from 10.83 to 5.27 g NH 4 -N m -2 resulted in approximately 50% partial nitrification within the same period of time whether the initial ammonium loading was 510 or 250 mg NH 4 -N l -1 . Theoretically, the amount of biofilm formed is relative to the length of the tube; therefore, a sys-PARTIAL NITRIFICATION AS PRETREATMENT FOR ANAMMOX VOL. 104, 2007 187 tem with a longer tube has more extensive biofilm formation and can achieve a faster reaction within the same period of time. In other words, around 50% partial nitrification can be achieved easily by adjusting the tube's length in accordance with the range of initial ammonium loading. As mentioned above, the MBR system developed in this study is very stable and easy to operate. This system has great flexibility for partial nitrification, making it an ideal pretreatment system for Anammox. The combination of this MBR system with the subsequent Anammox has great potential for the rapid treatment of ammonium-rich wastewater.
